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Biological Inspiration
Inspiration came from the study of Bacteriophage T4 virus.
mechanics of the structural transformation of the base-
plate, which will be discussed in this review.
Assembly Pathway of the Tail
The tail of bacteriophage T4 is a very large macromole-
cular complex, comprised of about 430 polypeptide
chains with a molecular weight of approximately 2 ×
107 (Tables 1, 2 and 3). Twenty two genes are involved
in the assembly of the T4 tail (Tables 1, 2 and 3). The
tail consists of a sheath, an internal tail tube and a base-
plate, situated at the distal end of the tail. Two types of
fibers (the long tail fibers and the short tail fibers),
responsible for host cell recognition and binding, are
attached to the baseplate.
The assembly pathway of the T4 tail has been exten-
sively studied by a number of authors and has been
reviewed earlier [16-20]. The main part of the assembly
pathway has been elucidated by Kikuchi and King
[21-23] with the help of elaborate complementation
assays and electron microscopy. The lysates of various
amber mutant phage-infected cells were fractionated on
sucrose density gradients and complemented with each
other in vitro. The assembly pathway is strictly ordered
and consists of many steps (Figure 2). If one of the gene
products is missing, the assembly proceeds to the point
where the missing product would be required, leaving
the remaining gene products in an “assembly naïve”
soluble form, as is especially apparent in the baseplate
wedge assembly. The assembly pathway has been con-
firmed by in vivo assembly experiments by Ferguson
and Coombs (Table 1) [24] who performed pulse-chase
experiments using 35S-labeled methionine and moni-
tored the accumulation of the labeled gene products in
the completed tail. They confirmed the previously pro-
posed assembly pathway and showed that the order of
appearance of the labeled gene products also depended
on the pool size or the existing number of the protein
in the cell. The tail genes are ‘late’ genes that are
expressed almost simultaneously at 8 to 10 min after
the infection, indicating that the order of the assembly
is determined by the protein interactions, but not by the
order of expression.
The fully assembled baseplate is a prerequisite for the
assembly of the tail tube and the sheath both of which
polymerize into the extended structure using the base-
plate as the assembly nucleus (Figure 2). The baseplate
is comprised of about 140 polypeptide chains of at least
16 proteins. Two gene products, gp51 and gp57A, are
required for assembly, but are not present in the final
particle. The baseplate has sixfold symmetry and is
assembled from 6 wedges and the central hub. The only
known enzyme associated with the phage particle, the
T4 tail lysozyme, is a baseplate component. It is
encoded by gene 5 (gp5).
The assembly of the wedge, consisting of seven gene
products (gp11, gp10, gp7, gp8, gp6, gp53 and gp25), is
strictly ordered. When one of the gene products is miss-
ing, the intermediate complex before the missing gene
product is formed and the remaining gene products stay
in a free form in solution. Gp11 is an exception, which
can bind to gp10 at any step of the assembly. Recently,
all the intermediate complexes and the complete wedge
Figure 1 Structure of bacteriophage T4. (A) Schematic representation; CryoEM-derived model of the phage particle prior to (B) and upon (C)
host cell attachment. Tail fibers are disordered in the cryoEM structures, as they represent the average of many particles each having the fibers
in a slightly different conformation.
Leiman et al. Virology Journal 2010, 7:355
http://www.virologyj.com/content/7/1/355
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(a) Schematic r pres ntation and mod l of Bacteriophage T4 prior
to (b) and upon (c) host cell attachment. [Leiman et. al. (2010)]
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A Helical Lattice
A helical lattice balancing effects of pre-stress, material properties
and geometry, was constructed [Pirrera et. al. (2013)]
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Kinematics and Elasticity
x
z
Assumptions
Lattice lies on the surface of a
cylinder - height and radius can
change.
Lattice strips assumed
in-extensional.
Hinged at points of intersection -
point at which they overlap does
not change, but they can
translate/rotate together.
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Kinematics and Elasticity
What was observed?
Robust multi-stability.
Neutral stability.
Tailorable non-linear elastic
responses.
How can we exploit this behaviour?
Thermally Responsive Helical Lattices
5 / 16
Introduction
Coupled System
Thermal Lattice Response
Concluding Remarks
Embedded Lattice
Energetic Framework
New Behaviour
Micro-braided lattices?
“Can tailored non-linearity of hierarchical structures inform
future material development?” [O’Donnell et. al. (2016)]
What happens if we couple the lattice with elastic restraints?
Could we capture behaviour at different length scales?
Can we get the system to do something new/“useful”?
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Mirror symmetric stiffness.
Axial and circumferential springs.
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The ratio of the springs to lattice stiffness governs behaviour.
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Effective area definition is important.
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Pseudo-Ductility is observed over for a range of configurations.
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General behaviour
For non-rotating lattices, the non-dimensional energy may be
written as a function of axial extension h¯,
Π = a0 + a1h¯ + a2h¯
2 + b1
√
1− h¯2 + b2h¯
√
1− h¯2 (1)
where the coefficients, a1,2,3 and b1,2 can be tuned to obtain
desirable responses.
In particular, coefficients a0, a1, and b1 are functions of curvature.
This can be exploited to permit thermal actuation.
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Thermal curvatures
Mismatch in the coefficients of expansion causes a laminate to
warp during heating/cooling. These curvature can be predicted
using Classical Laminate Theory [Mansfield (2005)]
κTh(T ) = ∆Td−1
(
MTh −BA−1NTh
)
(2)
with A, B, and d taking their usual definitions.
A thermally dependent strip pre-stress can be defined as.
χ = κTh(T ) + κ0 (3)
with κ0 the mechanical (tooling) pre-curvature.
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Desirable Responses
The system can be tuned to snap through at a critical temperature
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Or produce a non-linear variation in equilibrium position
Non-linear Shift of equilibrium position
0 0.2 0.4 0.6 0.8 1
Extension, [-]
0.15
0.2
0.25
0.3
En
er
gy
, [-
]
Heating
Thermally Responsive Helical Lattices
13 / 16
Introduction
Coupled System
Thermal Lattice Response
Concluding Remarks
Lattice Energy
Thermal Behaviour
Making a prototype
Can we make one?
Manufacturing in ACCIS Lab - Tom Watts.
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Can we make one?
Observed expected bi-stability at room temp.
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Can we make one?
Self locking end constraints and friction causing problems.
Snap open actuation, if helped with some initial extension.
Summer intern Nikolay Pilashev building V2.0
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1 Lattice structures offer a robust non-linear design space.
2 Thermal mismatch can be used to modify effective pre-stress.
3 Snap–through and smooth actuation response characteristics
can be designed.
4 Promising prototype, but some manufacturing issues to be
addressed.
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I would like to thank University of Bristol and the EPSRC for
financial support of undergraduate research projects.
Any questions?
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